INTRODUCTION:
During the Cassini spacecraft's Grand Finale mission in 2017, it performed 22 traversals of the 2000-km-wide region between Saturn and its innermost D ring. During these traversals, the onboard cosmic dust analyzer (CDA) sought to collect material released from the main rings. The science goals were to measure the composition of ring material and determine whether it is falling into the planet's atmosphere.
RATIONALE: Clues about the origin of Saturn's massive main rings may lie in their composition. Remote observations have shown that they are formed primarily of water ice, with small amounts of other materials such as silicates, complex organics, and nanophase hematite. Fine-grain ejecta generated by hypervelocity collisions of interplanetary dust particles (IDPs) on the main rings serve as microscopic samples. These grains could be examined in situ by the Cassini spacecraft during its final orbits. Deposition of ring ejecta into Saturn's atmosphere has been suggested as an explanation for the pattern of ionospheric H þ 3 infrared emission, a phenomenon known as ring rain. Dynamical studies have suggested a preferential transport of charged ring particles toward the planet's southern hemisphere because of the northward offset of Saturn's internal magnetic field. However, the deposition flux and its form (ions or charged grains) remained unclear. In situ characterization of the ring ejecta by the Cassini CDA was planned to provide observational constraints on the composition of Saturn's ring system and test the ring rain hypothesis.
RESULTS:
The region within Saturn's D ring is populated predominantly by grains tens of nanometers in radius. Larger grains (hundreds of nanometers) dominate the mass density but are narrowly confined within a few hundred kilometers around the ring plane. The measured flux profiles vary with the CDA pointing configurations. The highest dust flux was registered during the ring plane crossings when the CDA was sensitive to the prograde dust populations (Kepler ram pointing) (see the figure) . When the CDA was pointed toward the retrograde direction (plasma ram pointing), two additional flux enhancements appeared on both sides of the rings at roughly the same magnetic latitude. The south dust peak is stronger and wider, indicating the dominance of Saturn's magnetic field in the dynamics of charged nanograins. These grains are likely fast ejecta released from the main rings and falling into Saturn, producing the observed ionospheric signature of ring rain.
We estimate that a few tons of nanometersized ejecta is produced each second across the main rings. Although this constitutes only a small fraction (<0.1%) of the total ring ejecta production, it is sufficient to supply the observed ring rain effect. Two distinct grain compositional types were identified: water ice and silicate.
The silicate-to-ice ratio varies with latitude; the global average ranges from 1:11 to 1:2, higher than that inferred from remote observations of the rings.
CONCLUSION: Our observations illustrate the interactions between Saturn and its main rings through charged, nanometer-sized ejecta particles. The dominance of nanograins between Saturn and its rings is a dynamical selection effect, stemming from the grains' high ejection speeds (hundreds of meters per second and higher) and Saturn's offset magnetic field. The presence of the main rings modifies the effects of the IDP infall to Saturn's atmosphere. The rings do this asymmetrically, leading to the distribution of the ring rain phenomenon. Confirmed ring constituents include water ice and silicates, whose ratio is likely shaped by processes associated with ring erosion processes and ring-planet interactions. Saturn's main rings are composed of >95% water ice, and the nature of the remaining few percent has remained unclear. The Cassini spacecraft's traversals between Saturn and its innermost D ring allowed its cosmic dust analyzer (CDA) to collect material released from the main rings and to characterize the ring material infall into Saturn. We report the direct in situ detection of material from Saturn's dense rings by the CDA impact mass spectrometer. Most detected grains are a few tens of nanometers in size and dynamically associated with the previously inferred "ring rain." Silicate and water-ice grains were identified, in proportions that vary with latitude. Silicate grains constitute up to 30% of infalling grains, a higher percentage than the bulk silicate content of the rings.
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I nfrared and radio observations (1) (2) (3) (4) (5) have shown that Saturn's A and B rings are composed mostly (95 to 99%) of water ice, whereas in the less dense C ring and the Cassini Division the non-icy component can be higher, up to 10% in the C ring (5-7 ). Because of the rings' large surface-to-mass ratio, the evolution of the ring composition is dominated by the infall of material from interplanetary space, which is composed primarily of silicates and carbon-rich organics (8) . The radial density profile of the rings is shaped by various dynamical processes, including viscous spreading, resonances with satellites, intrinsic instabilities, and ballistic transport (5, 9-13) of ejecta released by impacts of interplanetary dust particles on the rings (14) . The latter process is primarily responsible for redistributing and mixing the icy and non-icy material across the rings, as well as for the formation of sharp inner A and B ring edges (10, 15) .
A fraction of the material released by erosion from the rings is expected to fall into Saturn's atmosphere as "ring rain" (16) (17) (18) . Charged particles from the rings, in the form of ions or nanoparticles, gyrate and bounce along the planet's magnetic field lines and preferentially migrate into Saturn's southern atmosphere (19) (20) (21) (22) (23) (24) (25) . However, whether the infalling mass flux is sufficient to drive the observed atmospheric processes and whether the infall occurs in the form of ions or dust remain unclear.
We report the in situ detection of nanograins originating from Saturn's main rings by the cosmic dust analyzer (CDA) (26) during Cassini's traversals through the region between the atmosphere and the innermost D ring [1.11 to 1.24 Saturn radii (R S ) = 60,268 km], as shown in Fig. 1 . Previously, Cassini instruments observed nanograins that were emerging from the E ring region and evolving into interplanetary space (27) (28) (29) and that were directly within the Enceladus ice particle plume (30) . From the 22 spacecraft crossings of the inner D ring region during Cassini's Grand Finale mission phase (26 April 2017 to 15 September 2017), eight orbits were useful for CDA measurements because of the optimized instrument pointing (table S1). The spacecraft speed relative to the dust grains was more than 30 km s −1 around the closest approach (periapsis). The CDA mass analyzer (MA), a linear impact time-of-flight mass spectrometer, provides elemental compositional information for grains with radii in excess of a few nanometers striking the detector (26) . The CDA's high rate detector (HRD), a foil detector for characterizing dense dust environments (26) , measured the flux of grains in excess of 600 nm in radius during the traversals.
Grain composition
The MA recorded more than 2700 impact mass spectra during the eight inner D ring traversals favorable for CDA measurements. Of these spectra, 78% are very faint and at most show only peaks in the mass spectra associated with the chemical analyzer target (CAT) (made of rhodium) and its known contaminants, Rh + , C + , Na + , and K + (31) . These spectra do not provide conclusive compositional information about the impacting particle but do provide evidence for the number of impacts by the smallest detectable grains. The remaining 22% of the spectra exhibit peaks associated with particle constituents with sufficient signal-to-noise ratio for a compositional analysis. We identified two distinct compositional types: water ice and silicate ( In total, we identified 422 water-ice-type and 214 silicate-type particles, all recorded around the passage of the ring plane within ±50°latitude (see Fig. 1 for the geometry). We did not identify any nanograins composed predominantly of iron, iron oxide, or an organic material. Because of the expected fractionation of larger organic molecules at the high impact velocities during these measurements, lowmass organic fragment cations at 12 u (C + ) or 13 u (CH + ) might overlap with the carbon contamination of the CDA impact target (31), curtailing our capability to identify minor organic constituents. The impact charge signals of the water-ice and silicate particles are similar in both amplitude and distribution (see supplementary text). On the basis of the impact charge, which depends linearly on the grain mass for collisions at the same speed (32) , the majority of the detected grains are smaller than 50 nm. Taking into account the material-dependent impact charge yield, the CDA target contamination, and simulations of the dynamics of these small grains, we conclude that the ice-to-silicate number ratio of 2:1 translates into a mass ratio of the ice and silicate grains between 2:1 and 11:1 (see supplementary text). The overall silicate nanograin mass fraction as seen by the CDA interior to the D ring ranges from 8 to 30%, which is higher than the concentration of non-ice components in the rings inferred from either optical or microwave measurements (6, 7, 33) .
Spatial distribution
The ring plane crossings of the 22 Grand Finale orbits occurred near local noon. The spacecraft always approached the rings from the north and reached periapsis about 10 min after crossing the ring plane at a latitude of 6°south (Fig. 1) . The orbits also traversed the magnetic field lines connecting the planet to its main rings when the spacecraft was within ±50°from the ring plane. The high dust impact speed of~30 km s
enabled the MA to detect grains as small as tens of nanometers. In contrast, the HRD was sensitive to grains with radii larger than 600 nm. Overall, the CDA was sensitive to dust impacts when the instrument was oriented either toward the Kepler ram direction (i.e., the impact direction of grains moving in circular bound, prograde orbits) or toward the plasma ram direction (i.e., the flow direction of plasma co-rotating with Saturn's magnetic field). In total, the CDA obtained dust density profiles during five orbits with Kepler ram and three orbits with plasma ram pointing (see supplementary text). Because the CDA was not calibrated for such high impact speeds, the grain size and impact speed cannot be directly derived from the recorded impact charge waveforms (27) . We corrected the MA detection rate, which was frequently close to saturation (approximately one impact per second), for instrumental dead-time effects (34) . The MA detections reveal that the 2000-kmwide gap between Saturn's cloud tops and the inner rim of the D ring is populated by grains a few tens of nanometers in radii. The MA impact rate profiles strongly depend on the instrument orientation (Fig. 3, A and B) . We observed the impact rate maximum at the time of the ring plane crossing during all CDA orbits with Kepler ram instrument orientation. The observed peak rates between 7 and 17 impacts per second correspond to a nanograin number density of 3. . The HRD foil detector was sensitive to larger grains moving in Keplerian orbits and registered 13 particles of >600 nm close to the ring plane, which corresponds to a number density of (2 ± 1) × 10 −4 m −3 (Fig. 3C) . The Cassini Radio and Plasma Wave Science instrument (RPWS) (35) , which was sensitive to plasma signals created by dust impacts onto the spacecraft, had a similar-size-threshold HRD (36) . The full widths at half maximum (FWHMs) of the diffuse dust ring interior to the D ring derived from RPWS (37) and HRD data are 300 and 900 km, respectively (Fig. 3C) . RPWS provided a more detailed ring structure profile because of its higher temporal resolution, which explains the differences in the derived ring thickness. Given the instrument dead-time effects (34), MA is biased against sampling the larger grains detected by the HRD and RPWS because of their lower number density. We focus on the MA nanograin measurements and their implications below, but the mass density of larger grains is one to two orders of magnitude higher.
For orbits with plasma ram orientation, the MA rate shows two broader peaks in addition to the peak in the ring plane, one on each side of the rings (Fig. 3B) . They are centered at roughly the same magnetic latitude north and south, corresponding to L = 1.35 (L = r/R S , which depicts the dipolar magnetic field line piercing the planet's symmetry plane at a radial distance r), which suggests Lorentz force-driven dust dynamics and the main rings as the dust source. We also observed a pronounced north-south asymmetry of the MA count rate, which we attributed to the northward offset of Saturn's magnetic dipole: The south dust peak is two to three times stronger and much broader than the north peak. Generally, the peak impact rate was an order of magnitude lower than that during Kepler ram orbits.
The fraction of ice nanograins also varies with latitude (Fig. 4A) , decreasing from 70 to 90% near the ring plane to~40% at~30°latitude, beyond which the small number of detections is insufficient to determine the fraction. In the northern hemisphere, the nanograin density profile is similar to the H þ 3 emission derived from infrared images of Saturn's atmosphere (16) (17) (18) (Fig. 4B) . Hsu 
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The latitudinal H þ 3 emission pattern is indicative of ring material infalling through magnetic connection (ring rain).
Nanograin dynamics
Because the charge-to-mass ratio of the nanograins is high, their dynamics are dominated by the Lorentz force rather than gravity. Thus, a model based on gravitational accelerations alone is not adequate to describe the orbital evolution of such grains. We have developed a numerical model that follows the dynamical evolution of nanograins from their origin on the surface of the main rings, as impact ejecta produced from exogenous hypervelocity collisions, until they are lost to Saturn or the rings or they have moved beyond 2.5 R S . The model includes relevant forces acting on charged grains: gravity, Lorentz force, and atmospheric drag (38) . We employ the axisymmetric Z3 model for describing Saturn's magnetic field (39) . The instantaneous grain charge resulting from the interaction with the ambient plasma environment and solar ultraviolet radiation is allowed to vary along the grain orbit. We use a plasma model, which includes Saturn's ionosphere (40) and a simple ring ionosphere (38) . By building up a large library of test particle trajectories, our model predicts the nanograin flux and number density near Saturn's main rings (Fig. 1B) .
The measured number of ions created by the nanograin impacts on the CDA's rhodium target indicates that the grains have to be smaller thañ 50 nm. From comparison to the dust dynamics model, we find that grains with radii of~15 to 20 nm best reproduce the rate profiles obtained during Kepler ram and plasma ram orbits (Fig. 3 ) (38) . Larger grains are less influenced by the Lorentz force so cannot reach the midlatitudes observed during the plasma ram orbits. Charged grains smaller than 15 nm, on the other hand, are dynamically dominated by the Lorentz force and would populate the entire region, which is not consistent with the observed number density enhancements at the midlatitudes. It is unlikely for the CDA to detect grains smaller than~5 nm at an impact speed of 30 km s . Nanograins with radii of~20 nm move mostly in the prograde direction and are detected predominantly during Kepler ram orbits. Because of their substantial charge-to-mass ratio, the particles gyrate like an ion along the planetary magnetic field lines. Toward higher latitudes, charged grains are deflected when they reach their magnetic mirror points, where their motion parallel to the field line is reversed. Because the grains' velocity component perpendicular to the magnetic field lines increases toward their mirror points, the nanograin flux arriving from the plasma ram direction is enhanced at the midlatitudes.
The spatial distribution of the nanograins also depends strongly on the grains' initial speedthe speed at which the freshly created nanograin ejecta are jettisoned off the surfaces of the main rings. We find that the ejection speed needs to be larger than a few hundred meters per second to match the rate profiles of the Kepler ram orbits, and it needs to be several thousand meters per second to reproduce the northern peak of the plasma ram orbits. The required high ejection speeds are consistent with data from previous theoretical studies (22) and have been observed in laboratory experiments (impact jetting) (41, 42) . The ejection speed is likely to be larger for smaller ejecta (43, 44) , implying much higher ejection speeds for nanograins than for micrometer-sized and larger ejecta, which fuel the ballistic transport (10, 15) .
Nanograin origin
Our best-fitting simulations of the MA impact rate during Kepler ram orbits indicate that 40% of the detected grains originate from the optically thick B ring, 50% from the C ring, and the rest from the A and D rings, as well as the Cassini Division. The ratio between grains from the B ring and those from the C ring arriving at the Cassini's trajectory is almost constant, implying that the latitudinal variation of the ice fraction (Fig. 4A) is not due to the rings' composition. This conclusion is supported by the much higher ice fraction inferred for the C ring (6) than the two-third fraction that the CDA observed for nanograins. The difference is even larger for the A and B rings. The higher abundance of silicate grains seen in the nanograin ejecta population is a consequence of the ejecta production mechanism itself or a shorter lifetime of ice ejecta or a combination of both effects. The processes responsible for reducing the ice fraction in nanometer-sized ejecta as well as the latitudinal variation remain unclear.
Nature of the ring rain
Our simulations demonstrate that the CDA MA observed charged nanograins on their way from the surfaces of Saturn's main rings into the planet's atmosphere. The match between the MA rates and theH þ 3 latitudinal emission profile (Fig.  4B) is indicative of the CDA observing a ring rain composed of nanograins.
During their high-speed entry into Saturn's atmosphere, nanograins are expected to ablate and their material to be deposited as neutral atoms or molecules into the atmosphere. These additional neutrals reduce the local electron density, leading to a local accumulation of H (46, 47) . We estimate from our simulation that the mass production rate for ejecta with sizes in the range of tens of nanometers,s ej;nm , is 1,800 to 6,800 kg s −1 (38) . Eighteen percent of these grains arrive at Saturn as ring rain, of which 30% (100 to 370 kg s −1 ) are deposited in the mid-latitude region. This estimate is more than an order of magnitude higher than the 3 to 20 kg s −1 of water required to explain the observed H þ 3 emission (17) . Nevertheless, given the uncertainties in the processes related to the ablation and mass deposition [e.g., (45) ], our results agree reasonably well with the ring rain mass infall estimation, implying that the observed nanograin population is the cause of the ring rain effect (19, 21, 22) .
The presence of the rings alters how the infall of exogenous material into the saturnian system affects the planet's atmosphere. The deposition of ring material through fast ejecta occurs predominantly at the equator and at southern latitudes and may also bear seasonal variations (38) . Once deposited in the atmosphere, the nanograins as well as their ablation products likely serve as the nucleation seeds to form clouds and haze. The asymmetric mass deposition might contribute to the higher optical depth of the cloud or haze in Saturn's southern hemisphere (48) (49) (50) .
Erosion of the rings
The gross erosion time of the rings ðt g e s 0 =s ej Þ, defined as the ratio of the rings' surface mass density (s 0 ) to the ejecta flux ðs ej Þ (10), can be calculated on the basis of the nanograin mass production rate ðs had similar size detection thresholds (600 nm and 1000 nm), but RPWS had a much larger sensitive area and thus a much higher temporal resolution. Overlain are fitted Lorentz density profiles, with vertical FWHMs of 900 km (HRD) and 300 km (RPWS). The RPWS peak density is offset by 4 km below the ring plane. The vertical range occupied by larger ring particles (larger than 600 nm) is about 10 times smaller than that for the nanograins.
(assuming a ring mass of 2 × 10 19 kg). This is longer than the t g = 3 × 10 5 years derived from ejecta of all sizes (10), implying a mass fraction of 10 −4 to 10 −3 for ejecta in the size range of tens of nanometers.
Probing ring-planet interactions with nanodust
During the Cassini Grand Finale mission, the CDA MA collected material from Saturn's main rings. The gap between Saturn and the inner edge of the D ring is deficient in larger, micrometersized grains and populated predominantly by tiny ejecta particles tens of nanometers in radius. The grain dynamics are governed by Saturn's internal magnetic field, leading to a north-south asymmetric ring rain composed of nanograins into the planet's atmosphere. Our model calculations indicate that the nanograins are released predominantly from the B and C rings with speeds of a few hundred meters per second up to several kilometers per second. The observed fast population of tiny ejecta likely represents only a small fraction (<0.1%) of the total impact ejecta produced from the rings, and it is negligible regarding the angular momentum transport. However, the characteristic spatial distribution of the nanometer-sized grains resulting from the electromagnetic dynamics makes them an element in the ring-planet interaction, and they are a probe of the ring composition. The high fraction of silicate nanograins in the CDA data, up to one-third of the identified mass spectra, likely does not provide a direct measure of ring composition but is related to ejecta production and the transport of eroding nanograins. 
